Abstract-We investigate directional couplers in silicon-oninsulator photonic technology. We theoretically and experimentally demonstrate a large coupling-induced phase delay that occurs when nearly all light is coupled from one waveguide to the other, i.e., when the coupler operates as a cross-coupler. We show that even a tiny asymmetry in the two waveguides of the coupler causes a significant additional phase delay. The observed change in the free-spectral-range of ring resonators from 5.0 nm to 6.4 nm is explained by a small 0.1% difference in the propagation constants of the two waveguides. Such a difference can be caused by for example a 1 nm difference in the widths of the two waveguides.
Demonstration of Large Coupling-Induced Phase
Delay in Silicon Directional Cross-Couplers couplers, and the correction on the propagation constant due to the vicinity of the second waveguide was numerically and experimentally studied in [9] , [10] . These papers reported on a Mach-Zehnder interferometer with a ring coupled to one of its arms. It was shown that correcting the length of the other arm for the coupler-induced phase delay significantly improves the filter response. It has been numerically and theoretically demonstrated that coupler-induced phase delay has a deleterious effect on the response of higher-order filters based on a cascade of ring resonators, that is, for designs that did not take this effect into account [11] . We observed an additional phase delay that is particular to the regime when nearly all light couples from one waveguide to the other, i.e., in the cross-coupling regime. Directional couplers that operate in this regime may find their applications as low-loss waveguide crossings and in optical delay lines based on ring resonators [12] , [13] .
In this work, we measure the phase delay that is introduced by the directional coupler due to asymmetry in the waveguides. This additional phase delay vanishes for a coupler consisting of two identical waveguides, but we show that a tiny asymmetry in the waveguides causes a significant additional phase delay for the case that nearly all light couples from one waveguide to the other. In this regime, directional couplers operate as cross-couplers. We measure the directional coupler in a ring resonator, and observed a significant change in the free-spectralrange (FSR) of the resonator. The magnitude of the measured asymmetry between the two waveguides corresponds to a difference between the widths of the two waveguides as small as 1 nm, which is below the fabrication accuracy.
In the next section, we summarize coupled mode theory for directional couplers, universal theory of ring resonators, and their combination. This theory predicts an additional phase delay around the cross-coupling regime of slightly asymmetric directional couplers and a change in the FSR of ring resonators with such couplers. In Section III, we detail the studied devices and the characterization methodology. In Section IV, we find that the measured spectra show a large change in the freespectra-range in the cross-coupling regime, agreeing very well with the theoretical relations. We conclude in Section V.
II. THEORY
This section first describes relations for directional couplers employing coupled mode theory, and then presents the theory of ring resonators that are used to study the couplers. 
A. Directional Couplers
The directional coupler consists of two close parallel singlemode waveguides so that power couples from one waveguide (labeled u) to the other [labeled v, see Fig. 1(a) ]. Describing this system with perturbation theory, we assume that the electric field in the coupler can be approximated by a superposition of the two modes of the isolated waveguides [6] - [8] . The amplitudes of the two modes vary while propagating through the parallel waveguides due to the coupling (i.e., light "leaks" from one mode to another), as described by
Let us consider the result of an excitation of mode u at z = 0 (i.e., all light is in waveguide u). The transmission of a coupler with lengthL is given by u(L) = tu(0), while the coupled light is given by v(L) = κu(0). These complex amplitudes t and κ can be calculated using coupled mode theory, see [6] - [8] , giving
where β u is the propagation constant of mode u, κ uu is the correction to this propagation constant originating from the other waveguide, δ ≡
is due to the difference between two waveguides, s = √ κ uv κ v u + δ 2 is the coupling coefficient dominated by κ uv and κ v u , and where we have used κ uv , κ v u , κ uu , and κ v v from [8] . Coefficients κ uv , κ v u , κ uu , and κ v v all depend on overlaps of the electric fields E u (x, y) and E v (x, y) in the cross-section of one of the two waveguides. Coefficient κ uu scales with the intensity of the evanescent tail mode u that is the cross-section of waveguide v (the intensity of mode u scales with the overlap the electric field of this mode with itself). Coefficient κ uv scales with the overlap of the electric fields of modes u and v that is in the cross-section of waveguide v. Coefficients κ v v and κ v u are similar to coefficients κ uu and κ uv but with u and v interchanged. The guides in the coupler we study are designed to be identical, but we observed non-zero δ in our couplers.
Equation (2) is valid for two parallel waveguides, whereas the actual coupler also includes bends to connect the parallel waveguides to the components in the circuit. We take the coupling which occurs in the bends into account by re-defining the lengthL in (2) as an effective coupling lengthL = L + ΔL, with L the length of the parallel waveguides.
The coupled mode formalism in [8] was derived for low index contrast waveguides, while silicon-on-insulator waveguides have a high refractive index contrast. Therefore, we compared coupled mode theory with the eigenmode expansion method and finite-difference-time-domain (FDTD) simulations. The coupling coefficients s as computed with the three different methods agree within 5% for couplers with two identical waveguides that have waveguide widths varying from 380 to 460 nm and gaps varying from 140 to 240 nm. In the eigenmode expansion, we computed s from the length L π when most energy is transferred from waveguide u to waveguide v. This is when the phase difference between the symmetric (sm) and the anti-symmetric (am) modes of the configuration of the two parallel waveguides is π, giving L π = π/(β sm − β am ), and s = (β sm − β am )/2. Throughout this work, modal profiles and propagation constants were computed using the film mode-matching (FMM) method as implemented in FimmWave (by Photon Design, Oxford, U.K.). In the FDTD simulations, we simulated a set of five directional couplers with L varying from 0 to 16 μm. In each simulation, we recorded the power transmission |t L | 2 from the left-hand-side of the lower waveguide to the right-hand-side of the lower waveguide [see Fig. 1(a) ]. Hereafter, we obtained the unknowns s and ΔL by fitting (2) for identical waveguides, i.e.
Dispersion is taken into account by assuming linear dispersion of the effective index and linear dispersion of the coupling
We neglected dispersion in ΔL, which is validated by the fact that the obtained relations accurately describe the measured spectra. The propagation constant β(λ) can be expressed in the effective index n e and effective group index n g ≡ n e − λ ∂ n e ∂ λ evaluated at center wavelength λ c = 1550 nm, giving
The phase shift due to traveling through the directional coupler is the argument of (2), i.e.,
in which arg{} denotes the argument of a complex number. The first term is simply propagation through an isolated guide. The second term is small, and we could not observe it due to the fabrication uncertainty of β u . The third term is usually small, apart from the cross-coupling regime where most light is coupled from one waveguide (u) to the other (v). The argument of a real number is zero, and the real part of the term inside the arg{} is usually much larger than the imaginary term as δ/s is small. However, the real part of this term vanishes around cos sL = 0, hence this argument rapidly increases up to values of π rad. We observed this effect as a change in the FSR of the ring resonator.
B. Ring Resonators
The directional couplers were studied using ring resonators with circumference l. The optical power transmission T of a micro-ring resonator with two lossless couplers in an add-drop configuration [ Fig. 1(b) ] is [14] 
where |t| 2 is the straight-through power of the coupler, α is the transmission due to one round-trip (α = 1 means zero loss). The phase delay of one round-trip through the ring θ = φ r + 2φ t , with the phase delay due to propagation through the isolated waveguide of the ring φ r = β u (l −L), and with φ t the phase delay of the coupler. When a directional coupler is used to couple light to the ring, t and φ t are given by (2) and (4), hence θ = −β u l + 2δL + 2 arg cos sL − ıδ s sin sL (6) in which the term κ uuL is neglected.
III. CHARACTERIZATION
We characterized integrated optical devices in silicon-oninsulator technology, having 220 nm thick rectangular waveguides of mono-crystalline silicon. The guides are on top of a 2 μm thick buried oxide (BOX) layer which is on top of a silicon substrate, and have a 2 μm thick SiO 2 cladding such that the silicon waveguides are embedded in silica. The devices were fabricated via the EU-funded ePIXfab consortium at IMEC (Leuven, Belgium) using their CMOS line with 193 nm deep-UV lithography [15] , [16] . We measured the dimensions of the fabricated waveguides and couplers with a helium-ionmicroscope (Carl Zeiss SMT), providing an accuracy of 15 nm. We have deposited the SiO 2 cladding using plasma-enhanced chemical vapor deposition (PECVD). We characterized a set of eleven directional couplers in racetrack-shaped ring-resonators (see Fig. 1 ), in which the length of the parallel waveguides L was varied from 0 to 18 μm.
We used an amplified spontaneous emission light-source (Opto-link ASE) to generate light around 1550 nm, coupled it to-and from the chip using on-chip out-of-plane grating couplers [17] , [18] , and recorded the transmission spectrum with an optical spectrum analyzer (Yokogawa AQ6370B OSA). The spectra were normalized to the transmission spectrum of a straight waveguide to correct for the grating coupler transmissions. In order to remove the Fabry-Pérot reflections in this reference spectrum, it was smoothened by a convolution with a Gaussian window with a full-width at half-max (FWHM) of 1 nm. Datapoints in the ring transmission spectrum below −80 dB/nm were clipped because this is the noise floor of the OSA.
Equation (5) with (6) and (3) was fitted to the recorded spectra. The parameters that are fitted are: coupling coefficient s, dispersion in the coupler s ≡ ∂s/∂λ, asymmetry in the coupler δ, the effective index n e with linear wavelength dependency (described by n g ), and a wavelength-independent correction for coupling in the bends ΔL. We have independently measured the wavelength-dependent losses of straight and bend waveguides to calculate the ring round-trip loss (or transmittance α(λ)). In a spectrum between 1535 nm and 1565 nm, the average loss of the straight waveguide was −2.5 dB/cm, and the average loss of a 180
• bend with 5 μm radius was −0.024 dB. The spectra of the set of resonators with a varying length of the coupler L are used simultaneously in the fitting. Single values for s, s , ΔL, δ, and n g are fitted. The resonance wavelengths depend strongly on the effective index, which varies from device to device due to fabrication. This can be seen in the upper three plots of Fig. 2 , in which the resonances are not exactly at the same wavelength. Therefore device-specific effective indices are fitted ({n e }, with the curly brackets indicating that this is a set of numbers). The input power, {P 0 }, is also fitted from measurement-to-measurement, as it depends on the alignment of the optical fibers with respect to the chip.
The equations are fitted to the spectra by minimizing leastsquare difference between the computed transmission, T (λ), and the measured spectra. Each datapoint (wavelength) in this minimization is weighted with 1/I, with I the average measured transmission in a 5 nm wavelength span around this wavelength. This 5 nm corresponds to approximately one FSR. The fitting is done in the intensity domain (not in the logarithmic dB scale) thus without weighting, the noise (or spurious reflections) in the L = 0 μm spectrum would have more influence than the signal in the L = 14 μm spectrum. The Matlab implementation of the Levenberg-Marquardt optimization is used for the fitting [19] .
An accurate initial estimate is required as starting point for the fitting to converge properly. The properties of the coupler s, ΔL, and n g are estimated from a different analysis without coupler dispersion and asymmetry (see Appendix). This less complete method gave an accurate estimate, close to the values obtained using the full analysis. An accurate initial estimate of the resonance wavelengths is required. Therefore, these wavelengths were first found using the findpeaks algorithm [20] . Similar to the approach in the Appendix, the effective index as computed by the mode-solver is used to estimate the mode numbers m of the dips in the spectrum. Then for each resonance in the recorded spectrum, the effective index is calculated, and the mean effective index over all 5 or 6 resonances is used as initial estimate of n e . As initial estimate, we chose s = 0 μm −2 and δ = 0.002 μm −1 (this gave best convergence). This procedure provided an initial estimate that is accurate enough for the fitting to converge. Fig. 2 shows that the fitted spectra agree very well with the measured spectra, indicating that (5) and (6) indeed contain all important physical effects. We obtain s = 0.10 μm −1 , ΔL = 2.1 μm, ∂s/∂λ = 0.41 μm −2 , δ = 0.0042 μm −1 and n g = 4.3.
IV. RESULTS
Length L = 14 μm is of special interest as it includes the cross-coupling regime and the corresponding change in the FSR is clearly visible. Equations (5) and (6) predict this change in the FSR of the ring due to the particular phase shift of the directional coupler around the situation where most light is coupled to the resonator (that is, when |t| 2 is minimal and cos[s(λ)L] = 0). In one spectrum,L is fixed but s varies slightly due to linear dispersion ∂s/∂λ. The straight-through power of the coupler, |t| 2 , obtained from the fitting is shown in the middle column of Fig. 2 (note the y-axis) and the additional phase delay related to the asymmetry in the coupler is shown in the right column. For the L = 14 μm spectrum, maximal coupling |t| 2 ≈ 0 occurs at a wavelength of 1547 nm. The corresponding change in FSR from 5.0 nm to 6.4 nm is visible in the measured spectrum. This significant change is explained by a small difference between the propagation constants in the guides, 2δ/β, of 0.1% (β is computed with the numerical mode solver).
To get a feeling for δ, we compute the difference in the widths of the waveguides that would give such an asymmetry. The corresponding difference in between the widths of the waveguides would be Δw ≈ ∂w/∂β · 2δ = 1 nm (∂w/∂β was calculated using the FMM numerical mode solver and verified with an analytical approximate mode-solver [21] ). This 1 nm difference is below the fabrication accuracy of the waveguides. Another explanation to the origin of δ lays in the asymmetry in the connecting waveguides of the coupler, as the upper waveguides are bent whereas the lower waveguides are straight.
The coupling coefficient obtained from fitting the transmission spectra is much lower than the one we obtained with numerical FDTD simulations (s = 0.151 μm −1 ). This could be caused by imperfect PECVD deposition of the silicon-dioxide cladding, leaving low quality SiO 2 between the parallel waveguides of the coupler. We expect that this is unrelated to the observed large phase delay. This is because this particular phase delay was only observed in the cross-coupling regime (|t| 2 ≈ 0) and shows a very strong wavelength-dependent or transmissiondependent behavior. A different cladding would not introduce such a strong wavelength dependent or transmission dependent effect. Moreover, all eleven measured spectra are simultaneously well described by (5) with (6) using the same values of s, s , δ, ΔL, and n g , validating the theory. Therefore the asymmetry in the waveguides is the most likely explanation of this particular phase delay.
V. CONCLUSIONS
Even a tiny (nanoscale) asymmetry in the two waveguides of a directional coupler causes a significant additional phase delay in the particular cross-coupling regime where most light is coupled from one waveguide to the other. In silicon-on-insulator ridge waveguides, such asymmetries are practically inevitable due to nanometer-scale variations in the fabrication process.
We observed a change in the FSR of a ring resonator from 5.0 nm to 6.4 nm due to a small asymmetry in the waveguides of the coupler. The magnitude of this asymmetry corresponds to a 1 nm difference in the widths of the two waveguides.
APPENDIX ALTERNATIVE DESCRIPTION NEGLECTING ASYMMETRIES AND DISPERSION IN THE COUPLER
An accurate initial estimate is necessary for the fitting as described in Section III to converge. Therefore, s, ΔL, and n g are first estimated using an incomplete analysis described in this Appendix.
Neglecting asymmetries and dispersion in the coupler, Equation (6) describing the phase delay of one round-trip through ring reduces to θ = −βl, or using (3),
Equation (5) with (7) describes the transmission spectrum of a ring resonator. We independently measured α (wavelengthaveraged, see Section III), we know the circumference of the racetrack l, leaving |t| 2 , n e , n g as unknowns. As throughout this work, n e and n g without explicit λ dependence are evaluated at λ c , where n g ≡ n e − λ ∂ n e ∂ λ , thus n e (λ) = n e + (n e − n g )(λ/λ c − 1).
We recorded a set of transmission spectra of the racetrack resonators with different coupler lengths L (see the measured spectra in Fig. 2 , solid cyan lines in the left column). In this analysis, we first fitted (5) with (7) to each recorded spectrum. Although the measured spectra are normalized to a reference spectrum, it was necessary to include the power inserted in the device, P 0 , in the fitting, to correct for the fiber-chip alignment. The fitted unknowns are thus |t L | 2 , n e , n g and P 0 . An accurate initial estimate of n e and n g (defining the resonance wavelengths λ m ) is necessary as starting point for the Levenberg-Marquardt fitting algorithm [19] . Therefore, the resonance wavelengths in the spectrum were first estimated using findpeaks [20] . The group index n g was estimated from the average FSR between the resonances, using n g = λ 2 c /(FSR · l). The mode number m is estimated from the resonance equation, m ≈ n e l/λ c , where the effective index n e was calculated using the mode solver. The effective index n e is then updated to match the resonance wavelength λ m closest to λ c (taking dispersion in n e (λ) into account using the estimated n g ). The fitting of (5) with (7) to the measured spectra was done in two iteration, first fitting |t L | 2 and P 0 , and then fitting all unknowns.
Having obtained |t L | 2 for different lengths of the coupler L allows finding the unknown properties s and ΔL of the coupler. Neglecting asymmetries (δ = 0), Equation (2) It is interesting to compare this analysis with the complete analysis of Section III; we use the left column of Fig. 2 to describe the differences. For the weak coupling, lengths L = 0 μm and L = 4 μm, the obtained transmission spectra are indistinguishable from the depicted results of the complete analysis. However, the measured spectrum with L = 14 μm is not well described by the theory in this Appendix, as the FSR and the transmittance in between the resonances are wavelengthdependent. In that case, it is clearly necessary to include the dispersion and asymmetry of the coupler in the description.
